Abstract -This study investigates the steady state sensible performance of multi pass parallel cross flow exchangers. Therein, the multi pass heat exchanger's performance was expressed through performance charts. Performance charts describe the performance of the heat exchanger in terms of pertinent dimensionless parameters such as capacity rate ratio, number of transfer units (NTU) and heat exchanger effectiveness. Previously developed matrix approach was employed to study the performance at each pass of the parallel cross flow heat exchanger. A maximum of up to ten heat exchanger passes were considered in this work. Employing performance charts, the maximum NTU that would yield the maximum heat transfer (or the maximum heat exchanger performance) was determined. Increasing NTU beyond the maximum, shall not perhaps enhance the heat transfer considerably, and this violates the common perception that increasing NTU enhances the heat transfer. This aspect shall help the engineers in optimizing the heat exchanger in terms of size, weight, material, and cost. Likewise, if the heat exchanger was in a continuous operation, the performance charts can help to detect an underperforming equipment without conducting any detailed calculations.  Index Terms-performance charts, multi-pass parallel cross-flow heat exchanger, sensible performance of heat exchanger
I. INTRODUCTION
Cross-flow heat exchangers are commonly employed in process industries for various heating/cooling applications. Flow configurations, such as counter cross flow, parallel cross flow, and pure cross-flow, are regularly used in the process industries. The choice of the heat exchanger is dictated by the existing piping connections and availability of space. In this research, the steady-state sensible performance of the parallel crossflow heat exchanger is investigated, and the results are presented in the form of performance charts. The performance charts describe the overall variation of the heat exchanger effectiveness with respect to NTU and capacity rate ratio. The parameters selected for the study reflect the common operating conditions in the process industries.
Numerous studies have been reported the steady state heat exchanger performance. Only relevant papers are Manuscript received May 7, 2018 ; revised August 6, 2018. reported herein. Matrix approach developed by Silaipillayarputhur and Idem [1] has been used in this study to determine the overall and intermediate performance of the heat exchanger. Matrix approach uses the concept of energy balance and effectiveness, which is applied to every single pass of the heat exchanger. Matrix approach uses significant parameters, such as the NTU effectiveness, and the capacity rate ratios, and these give a physical understanding to the heat exchanger designers during the development phase. The matrix approach is very flexible and can be used to calculate the fluid temperatures between the heat exchanger assemblies and the tube rows within an assembly without any additional effort. Silaipillayarputhur and Idem [2] considered the practical validation of the matrix approach of the heat exchanger performance model and presented the governing equations required to model a multi-pass counter cross-flow heat exchanger with continuous way fins. The heat exchanger selected for a validation was a chilled water coil used at a chemical facility in Chattanooga, TN, USA. The details of the chilled water coil and coil inlet conditions were employed as inputs for the performance model. Therein the predictions obtained from the performance model were compared with the actual data from the chilled water coil and the theoretical performance data from the manufacturer. Based on the comparisons, it was concluded that the matrix heat exchanger performance model predicted the performance of a counter cross-flow heat exchanger with at least 95% accuracy.
Silaipillayarputhur [3] considered the steady-state sensible performance of the parallel cross-flow heat exchangers, and the performance was reported in the form of performance tables. The inputs to the heat exchanger are described through the meaningful dimensionless parameters, such as NTU, capacity rate ratio, and dimensionless input temperature. The performance tables were developed by symmetrically varying the physically significant parameters, such as NTU, capacity rate ratio, and dimensionless input temperature. The similarities between the performance tables [3] and the current work along with the benefits of such studies are discussed in the subsequent sections. Domingos [4] presented a new and general method for calculating the effectiveness and intermediate temperatures of assemblies of the heat exchangers. The assemblies consist of associations of any types of the heat exchanger. The method utilizes a transformation, which relates the inlet and outlet temperatures to the fluid streams, and this permits the derivation of closed-form expressions.
Pignotti and Shah [5] and Shah and Pignotti [6] discussed the tools developed previously, (such as the Domingos' method, the Pignotti chain rule), to determine the highly complex heat exchanger flow arrangements. Navarro and Gomez [7] developed a mathematical model for cross-flow heat exchangers for determining the Effectiveness-NTU (number of transfer units) relations. The model represents a useful research tool for the theoretical and experimental studies on the heat exchanger performance. Luo [8] considered a parametric study of the heat transfer enhancement on the cross-flow heat exchangers. In this study, the cross-flow heat exchangers with external and internal recycle were investigated in the laminar regime. Mathematical models of the heat exchangers were established to investigate its thermos-hydraulic performances. The effects of the recycle ratio, capacitance ratio, and heat transfer area were investigated. Raja et al. [9] performed a rigorous investigation into the optimization of cross-flow plate-fin heat exchanger. Maximization of effectiveness and minimization of the total annual cost, total weight, and number of entropy generation units were considered simultaneously as the objective functions. Hadidi [10] proposed a new methodology for the optimization of plate-fin heat exchangers using biogeography-based optimization algorithm. A parametric analysis was also carried out to evaluate the sensitivity of the proposed method to the cost and structural parameters. In this research, the principles of the matrix approach [1] are applied for the development of the steady-state parallel cross-flow heat exchanger model. Herein, only the sensible heat transfer is considered. The number of the transfer units is assumed to be uniformly distributed among the heat exchanger passes. Although fouling is a common occurrence, the effects of fouling are not considered in the current work. It is assumed that there is absolutely no heat transfer between the heat exchanger equipment and the surroundings.
In this analysis, for the overall heat exchanger, it is assumed that the external fluid designated by subscript "A", is the minimum capacity rate fluid, while the tube side fluid designated through subscript "B" is the maximum capacity rate fluid. Likewise, both fluids are assumed unmixed in each pass of the cross-flow heat exchanger. Fig. 1 depicts the flow circuiting of the parallel crossflow heat exchanger. A heat exchanger "pass" can be imagined as the number of times that each fluid particle in the tube side would travel through the entire length of the heat exchanger. From the figure, it can be observed that each pass of the parallel cross-flow heat exchanger encounters full mass flow rate of the external fluid and the tube side fluid. The pertinent equations and the calculation of the intermediate and overall sensible performance for the parallel cross-flow heat exchanger are detailed in [1, 2, & 3] . Therefore, the details are not included in this document.
Using the details provided in [1, 2, & 3] , the heat exchanger's steady-state sensible performance was determined, and the performance was expressed through meaningful graphs. The overall heat exchanger's performance, expressed through heat exchanger effectiveness, is plotted as a function of NTU and capacity rate ratio for the parallel cross-flow heat exchanger.
Since the performance is expressed through dimensionless parameters, the graphs are valid for any input temperatures, system of units, thermo fluid properties, physical properties, operating conditions, etc.
IV. HEAT EXCHANGER PERFORMANCE
In this research, the sensible performance of parallel cross flow heat exchangers having up to 10 passes were considered. Therein, the performance described through heat exchanger effectiveness is studied as a function of capacity rate ratio and NTU. In the analysis, NTU is varied between 1 and 10 and capacity rate ratio is varied between 0 and 1. In every instance, the external fluid is treated as the minimum capacity rate fluid and both the fluids were considered unmixed in the analysis. The heat exchanger specifications employed in this study represent typical operating conditions encountered in process industries.
Figures 2 through 12 describe the performance of multi pass parallel cross flow heat exchangers. From the figures, it can be clearly seen that the increasing the NTU or the heat exchanger surface area beyond a certain limit has virtually no impact in the performance of the parallel cross flow heat exchanger. Likewise, Figure 12 and Table  1 describe the maximum overall NTU that would yield the maximum performance (heat transfer) of the heat exchanger equipment. Increasing the NTU beyond the maximum shall add no value, but would rather add more material, weight and cost to the heat exchanger. This aspect is very important from the initial design standpoint, as increasing the NTU, i.e., the surface area means more material, more weight and more initial cost. For all flow circuiting, the lowest heat exchanger performance is seen at capacity rate ratio tending to 1.0. Likewise, the maximum heat exchanger performance is at lower values of capacity rate ratio.
It must be recognized that increasing the frontal area in-definitely or employing a denser heat transfer surface area may not practically be feasible due to the space restrictions, negative impact on gas side pressure losses and fan requirements. Likewise, adding more tubes or adding more tube passes may not always be feasible due to space constraints, negative impact on tube side pressure losses and pump requirements. For any given application, there exist an optimum heat exchanger size, number of passes, flow rate, material, etc. that will yield the best performance at reasonable initial cost. Determining the best combination is the responsibility of the heat exchanger designers and Figures 2 through 12 shall certainly aid designers in choosing the most optimum and the cost efficient heat exchanger. Since the performance are expressed through dimensionless parameters, the graphs are valid for any input temperatures, system of units, thermo fluid properties, physical properties, operating conditions, etc. 
V. CONCLUSIONS
This study concentrates on the sensible performance of parallel cross flow heat exchangers. The research work employs significant dimensionless parameters such as NTU, capacity rate ratio and heat exchanger effectiveness for the analysis. It must be recognized that for a cross flow heat exchanger, the dimensionless parameter NTU accounts for size, number of passes, number of tubes, fin geometry, materials of construction, mass flow rates etc. Therefore, the current work shall provide a clear cognizance to the engineers during the development stage of the heat exchanger.
It must be noted that Silaipillayarputhur [3] , described the development of performance tables for parallel cross flow heat exchangers and whereas the current work describes the development of performance charts for parallel cross flow heat exchangers. Though both studies complement each other and examine the heat exchanger's performance, the current work is more suitable during the design phase as it directly deals with the heat exchanger's effectiveness and its variation with respect to the NTU and capacity rate ratio. Likewise, performance tables [3] is more suitable during the operational phase as it directly provides the intermediate and discharge temperatures from the heat exchanger. Nevertheless, both these studies can be used in conjunction to quickly understand the performance of a parallel cross flow heat exchanger without performing tedious calculations.
